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ABSTRACT
Context. Penumbral microjets (PMJs) is the name given to elongated jet-like brightenings observed in the chromosphere above sunspot
penumbrae. They are transient events that last from a few seconds to several minutes, and their origin is presumed to be related to
magnetic reconnection processes. Previous studies have mainly focused on their morphological and spectral characteristics, and more
recently on their spectropolarimetric signals during the maximum brightness stage. Studies addressing the temporal evolution of PMJs
have also been carried out, but they are based on spatial and spectral time variations only.
Aims. Here we investigate, for the first time, the temporal evolution of the polarization signals produced by short-lived PMJs (lifetimes
< 2 minutes) to infer how the magnetic field vector evolves in the upper photosphere and mid-chromosphere.
Methods. We use fast-cadence spectropolarimetric observations of the Ca II 854.2 nm line taken with the CRisp Imaging Spectropo-
larimeter at the Swedish 1-m Solar Telescope. The weak-field approximation (WFA) is used to estimate the strength and inclination
of the magnetic field vector. By separating the Ca II 854.2 nm line into two different wavelength domains to account for the chro-
mospheric origin of the line core and the photospheric contribution to the wings, we infer the height variation of the magnetic field
vector.
Results. The WFA reveals larger magnetic field changes in the upper photosphere than in the chromosphere during the PMJ maximum
brightness stage. In the photosphere, the magnetic field inclination and strength undergo a transient increase for most PMJs, but in
25% of the cases the field strength decreases during the brightening. In the chromosphere, the magnetic field tends to be slightly
stronger during the PMJs.
Conclusions. The propagation of compressive perturbation fronts followed by a rarefaction phase in the aftershock region may
explain the observed behavior of the magnetic field vector. The fact that such behavior varies among the analyzed PMJs could be a
consequence of the limited temporal resolution of the observations and the fast-evolving nature of the PMJs.
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1. Introduction
Penumbral microjets (PMJs) are among the first discov-
eries made with the Solar Optical Telescope (SOT; Tsuneta
et al. 2008) aboard the Hinode spacecraft (Kosugi et al. 2007).
Katsukawa et al. (2007) observed the ubiquitous occurrence
of small-scale elongated jet-like brightenings above a sunspot
penumbra in Ca II H images taken with the Broadband Fil-
ter Imager. PMJ brightenings were characterized as short tran-
sients about 10−20% brighter than the surrounding environment,
with lifetimes of ∼1 minute. They appear suddenly in image se-
quences, with apparent horizontal speeds of the order of 100 km
s−1, and then fade gradually.
Katsukawa et al. (2007) also found that PMJs have typical
lengths between 1000 and 4000 km (but up to 10000 km), widths
around 400 km, and that they appear to be well aligned with the
superpenumbral fibrils. The brightenings are more easily iden-
tified when the sunspot is located closer to the limb, given that
they make a larger angle with the bright photospheric penumbral
filaments. Near the disk center, the PMJ brightenings are closely
aligned with the bright penumbral filaments and so running-
difference images are advantageous to detect them there. The
center-to-limb variation of the PMJ orientation with respect to
the penumbral filaments is due to the expansion of the mag-
netic field with height, as pointed out by Juˇrcák & Katsukawa
(2008). This interpretation can also explain the dependence of
the PMJ inclination on position within the penumbra (Juˇrcák &
Katsukawa 2008).
Magnetic reconnection between differently inclined field
lines has been suggested as a possible driver of PMJs (e.g., Kat-
sukawa et al. 2007; Katsukawa & Jurcaˇk 2010; Juˇrcák & Kat-
sukawa 2010), given that the complex configuration of the mag-
netic field in sunspot penumbrae involves strong variations of the
field strength and inclination over small spatial scales (e. g., Bor-
rero & Ichimoto 2011; Rempel & Schlichenmaier 2011). This
scenario has been supported by magnetohydrodynamic simula-
tions (Magara 2010). In particular, Katsukawa & Jurcaˇk (2010)
and Juˇrcák & Katsukawa (2010) studied the photospheric re-
sponse associated with PMJs and found some downflows in the
lower photosphere to be related to chromospheric brightenings.
They claimed that these could be a possible signature of mag-
netic reconnection in the middle or low photosphere. Tiwari et al.
(2016) also reported small-scale photospheric downflows and
opposite polarity patches related to PMJs, while Vissers et al.
(2015) found a progressive heating to transition region temper-
atures along the PMJs. These features might be a byproduct of
magnetic reconnection occurring in the low atmosphere. How-
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ever, Samanta et al. (2017) suggested that reconnection might
occur higher in the atmosphere, in the low corona or transi-
tion region, based on observations of inward-moving elongated
bright dots that appear before and superposed to some PMJs.
Reardon et al. (2013) performed the first spectroscopic anal-
ysis of PMJs using Ca II 8542 Å intensity profiles from the Dunn
Solar Telescope and co-temporal Hinode Ca II H imaging data.
They found a wide variety of temporal, spatial, and spectral be-
haviors among penumbral brightenings observed in the chromo-
sphere, and argued that different physical processes could drive
these transients. However, their temporal light curves in inte-
grated intensity are very similar. They also found several events
whose characteristics matched well the lifetimes and orientations
of PMJs described in works based on SOT Ca II H filtergrams
only. Such events were characterized by clear Ca II 8542 line
wing emissions and almost unchanged line cores, similar to the
spectral signatures of Ellerman bombs (e.g., Vissers et al. 2013).
Reardon et al. (2013) also reported the presence of “precur-
sors” around 1 minute before the rapid impulsive brightening of
some PMJs, which could be the signature of a shock, as proposed
by Ryutova et al. (2008) in their bow-shock model.
The first statistical analysis of PMJ properties was performed
by Drews & Rouppe van der Voort (2017) by means of an auto-
matic detection method using Ca II 8542 Å spectroscopic data
and Ca II H filtergrams taken at the SST. Their algorithm was
set to select those PMJs whose spectral characteristics resemble
Ellerman bombs in Hα, i. e. enhanced line wings and an almost
undisturbed line core, finding that the wing enhancements could
extend to about 0.6 Å from the line core. Most PMJs displayed
stronger enhancements in the inner blue wing compared to the
red wings. The average lifetime of the 453 identified PMJs was
90 s, for an upper cutoff value of 8 minutes, but the distribution
peaked at shorter durations.
Recently, Esteban Pozuelo et al. (2019) investigated the po-
larization signals of 37 PMJs with lifetimes between 1 and 6.5
minutes, and found that they tend to appear in regions where
the inclination of the photospheric penumbral magnetic field un-
dergoes significant horizontal variations, such as at the interface
between spines and intra-spines (e.g., Borrero & Ichimoto 2011)
or in the outer penumbra where the field lines bend over at the
end of the filaments (see also Tiwari et al. 2018). However, no
strong Doppler shifts were observed and the estimated line-of-
sight (LOS) motions had speeds lower than 4 km s−1, value that
is well below the apparent speeds of the order of 100 km s−1 pre-
viously inferred. Nonetheless, velocity gradients along the LOS
were deduced from the shapes of the emission peaks of the Ca
II 8542 Å and Ca II K intensity profiles. The authors also found
an increase of the temperature at chromospheric heights in their
inversion results. Therefore, they suggested that PMJs could be
a consequence of magnetic reconnection in the low photosphere,
a process that might trigger an upwardly propagating perturba-
tion responsible for heating the chromosphere. In addition, Es-
teban Pozuelo et al. (2019) found that PMJs exhibit enhanced
polarization signals, particularly the Ca II 8542 Å circular polar-
ization profiles which in some cases displayed extra lobes. The
later is explained by the authors to be a consequence of the typ-
ical moustache shapes of the intensity profiles, given that they
can be reproduced using the weak field approximation (WFA).
In this work we investigate for the first time the temporal
evolution of the polarization profiles of the most common PMJs,
which, according to the statistical study by Drews & Rouppe van
der Voort (2017), are those with lifetimes under 2 minutes. To
our knowledge, the magnetic properties and evolution of these
very short events have not been analyzed before. The reason is
that such a study requires challenging observations (ultra-fast
spectropolarimetry) due to their highly dynamic nature.
Studying the temporal changes in the magnetic field configu-
ration and in the plasma properties occurring in and around PMJs
can give us insight on their physical nature and on where they lie
on the solar atmosphere. However, such an analysis faces various
observational limitations. Because of the extremely short life-
times of the most frequent PMJs, observations with the fastest
temporal cadence possible are needed. This requirement puts
restrictions on other observational aspects, such as the number
of spectral lines that can be scanned, the width of the observed
spectral range and the spectral sampling. Moreover, it implies
short exposure times which can substantially increase the noise.
Here, we approach this problem by making trade offs be-
tween the different observational parameters as described in
Sect. 2. In Sect. 3 we explain our identification criteria and the
diagnostic tools we use. In Sect. 4 we present individual exam-
ples and statistical results, which are summarized in Sect. 5. Fi-
nally, in Sect. 6 we discuss our findings and draw conclusions.
2. Observations
Spectropolarimetric observations of the main sunspot in ac-
tive region 12553 were carried out on 2016 June 16 at the
Swedish 1-m Solar Telescope (SST; Scharmer et al. 2003) be-
tween 08:06:00 and 09:27:53 UT using the CRisp Imaging Spec-
trometer (CRISP; Scharmer et al. 2008). The sunspot displayed
positive magnetic polarity and was observed very close to disk
center, at a heliocentric angle of ∼ 8◦ (19′′ W, 125′′ S).
Our CRISP data consist of time series of full Stokes mea-
surements in the chromospheric Ca II 8542 Å line and in the
photospheric Fe I 6173 Å line. In order to perform observations
with a temporal cadence fast enough to study the evolution of the
shortest-duration PMJs, the Ca II line was sampled at 9 wave-
length positions in steps of 150 mÅ, from -600 to +600 mÅ
around the line core, plus a point at +2.4 Å. Similarly, the photo-
spheric Fe I line was sampled at 5 wavelength positions in steps
of 40 mÅ, from -80 to +80 mÅ around the line core, plus one
position in the continuum at +400 mÅ. Sampling the two lines
required 17 s (11 s for the Ca II line and 6 s for the Fe I line),
using 9 accumulations for each line. The later was set as the best
possible compromise between the total integration time and the
photon noise level. The duration of the time series is ∼ 82 min-
utes, i.e., 290 time steps. The field of view (FOV) is ∼ 50′′×50′′
with a pixel size of 0.05′′.
The data were reduced using the CRISPRED pipeline
(de la Cruz Rodríguez et al. 2015) and reconstructed with
the Multi-Object-Multi-Frame-Blind-Deconvolution technique
(Löfdahl & Sharmer 1994; van Noort et al. 2005), separately for
each line. Unfortunately, the reconstruction of the Fe I 6173 Å
line resulted in poor quality data and is therefore not used in this
study. However, the Ca II 8542 Å line has contributions from
different layers, i.e., while its line core originates from layers
at heights between ∼ 800 − 1000 km, the wings are formed at
considerably deeper layers, mainly below 500 km (Cauzzi et al.
2008). Thus, some information about the photospheric proper-
ties of the sunspot is available from the Ca II 8542 Å line and
the wavelength point scanned at +2.4 Å.
In order to reduce the noise level of the observations, we have
convolved the complete dataset with a 3 by 3 low-pass filter ker-
nel so that each pixel in the resulting images has a value equal to
the average value of its neighboring pixels in the original image.
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Fig. 1: Images of the main sunspot in active region 12553 on 2016 June 16 recorded with the CRISP instrument at different
wavelengths within the Ca II 8542 Å line. Left panel: Continuum intensity Ic image, at +2.4 Å from the line core. Central panel:
Blue-wing image, at −0.3 Å from the line core. Right panel: Line core image. All the images are normalized to the mean continuum
value in the quiet sun, IQS . The umbra-penumbra boundary (white contours) is at Ic/IQS=0.45 and the outer penumbral boundary
(black dashed contours) at Ic/IQS=0.98. Black arrows point towards the disk center. Small colored squares on the continuum image
highlight the location of three PMJs referred to as PMJ 1 (red), PMJ 2 (green), and PMJ 3 (cyan) in the main text. The images
correspond to the frame in which PMJ 1 displays the maximum blue-wing brightness.
The noise levels in the resulting images are σQ,U ∼ 3×10−3, and
σV ∼ 4×10−3, as measured on the continuum wavelength maps.
Finally, the data have been corrected for residual crosstalk by
using the average value of the αs maps at each time step, where
αs = s(λc)/I(λc) with s = Q,U,V and λc corresponding to the
continuum wavelength.
Figure 1 displays the general appearance of the observed
sunspot at different wavelengths within the Ca II 8542 Å line:
continuum (left), blue wing (central), and line core (right panel).
The image on the right shows that there is a predominantly
brighter region in the northern part of the sunspot where the line
core is in emission. This region maintains line core emissions
during our complete time series and makes the detection of PMJs
very difficult in that part of the penumbra.
3. Analysis
3.1. PMJ identification
We are interested in studying the most common PMJs which,
according to Drews & Rouppe van der Voort (2017), are the
events with lifetimes shorter than 2 minutes. In particular, the po-
larimetric properties of the shortest duration PMJs (< 1 minute)
have never been analyzed, inasmuch as the only available study
focused on PMJs that live longer than 1 minute (Esteban Pozuelo
et al. 2019).
Given that PMJs show a preference for larger brightness en-
hancements in the blue wing of the Ca II 8542 Å intensity pro-
file, with the help of the temporal sequence of images at -0.3
Å from the line core and of the running difference images (in-
tensity differences with respect to the frame recorded 17 sec-
onds before), we identified 36 PMJs with lifetimes shorter than
2 minutes through visual inspection. This means that the asso-
ciated brightening is observed during a maximum of 7 frames
(119 s) and a minimum of 1 frame (17 s) on the blue wing im-
ages and/or on their running differences. The brightenings must
display elongated shapes and intensity changes in the blue wing
(at -0.3 Å) of at least 10% of their intensity profiles averaged
over the full time sequence.
Figure 2 shows the location and lifetimes of the 36 short-
lived PMJs identified in our complete temporal sequence. The
spatial distribution reveals a larger number of PMJs occurring
in the limb-side penumbra. However, this trend could be the re-
sult of intrinsic asymmetries of this particular sunspot, such as
the persistent line core emissions detected over the center-side
penumbra which hinder the identification of possible wing emis-
sions produced by PMJs in that region.
The PMJs were observed at different radial positions within
the penumbra, mainly above the interface between dark and
bright filaments (13 cases), but some PMJs occurred at the end
of bright penumbral filaments (6 cases) or above the filaments
(6 cases), and between tails and heads of different filaments (9
cases). Two PMJs emerged just at the outer penumbral bound-
ary. The lifetime distribution of the 36 PMJs has a mean value
µ = 71 s and a median m = 68 s (i.e., 4 frames).
A total of 19 PMJs (circle symbols in Fig. 2) displayed clear
brightness enhancements in the line core within regions that are
slightly shifted in the radial direction from the PMJ regions, as
shown in the following subsection. The observed displacements
are interpreted as a projection effect of the chromospheric coun-
terparts (CCs) of magnetic field lines that connect with the PMJ
regions at photospheric layers.
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Fig. 2: Top: Continuum intensity image of the sunspot in the
same format as Fig. 1, displaying the location of the 36 short-
lived PMJs that were identified in the complete temporal se-
quence, with lifetimes shorter than 2 minutes. The different
colors of the markers indicate different types of evolution of
the photospheric magnetic field as described in the main text.
PMJs displaying line core brightness enhancements larger than
10% are shown with circles; otherwise, they are indicated with
squares. The crossed symbols stand for PMJs displaying clear
changes of the chromospheric magnetic field during their bright-
ening. Bottom: Lifetime distribution for the selected PMJs. The
mean µ, median m, and standard deviation σ of the distribution
are indicated in the upper left corner.
3.2. Spectral and polarimetric characteristics
An example of a short-lived PMJ which is visible during less
than 1 minute, hereafter referred to as PMJ 1, is displayed in Fig-
ure 3. The figure shows images of the continuum intensity (left
column), the blue-wing intensity at -0.3 Å (central column), and
the normalized running differences of the blue-wing images dur-
ing 5 consecutive frames (right column). The PMJ brightening
is visible in 3 frames (from row 2 to 4) in the blue-wing images,
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Fig. 3: Example of the evolution of a PMJ whose brightening is
observed during 3 frames (lifetime of 51 s) in the inner limb-side
penumbra (labeled as PMJ 1 in Fig. 1). Left: Continuum inten-
sity images at +2.4 Å from the line core. Center: Blue-wing im-
ages, at −0.3 Å from the core. Right: Blue-wing intensity differ-
ence images with respect to the frame recorded 17 s before. Time
increases from top to bottom, see labels on the right panels. The
middle row displays the maximum brightness stage. Black con-
tours delimit the PMJ area, i.e., the region displaying blue-wing
brightness enhancements larger than 10%. White dashed con-
tours enclose the CC, defined as the region displaying a line-core
brightness enhancement larger than 10%. White solid lines de-
limit the inner penumbral boundary. Black arrows indicate three
penumbral filaments and a bright grain observed in the contin-
uum images near the brightening region.
so that its estimated lifetime is 51 s. The intensity change in the
blue wing is larger than 10% between the first and the second
frame, and it is nearly 36% between the first and the maximum
brightness frame (row 3). The intensity change is negative after
the maximum brightness stage (row 4).
We refer to the frame preceding the first appearance of the
PMJ brightening as “before” (frame in row 1 of Fig. 3), and to
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Fig. 4: Polarization signals of PMJ 1. Top: Temporal evolution of
the blue-wing intensity (black) and line-core intensity (gray) at
the maximum brightness pixel (MBP), averaged over its 8 clos-
est neighboring pixels. The green dots correspond to the time
step before the PMJ becomes visible (first row in Fig. 3), the
blue dots to the maximum brightness stage (third row in Fig. 3),
and the red dots to the frame after the PMJ disappears (last row
in Fig. 3). The black and gray dotted lines indicate the blue-wing
and line-core intensities, respectively, averaged over the full time
sequence. Bottom left: Stokes profiles emerging from the MBP
before (green), during (blue), and after (red) the PMJ is visible.
The black dotted profiles correspond to the average Stokes pro-
files over the complete time series at the MBP. Bottom right:
Temporal evolution of the Stokes profiles at the MBP. The col-
ored dashes on the right indicate the 3 time steps of interest, with
the same color code.
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Fig. 5: Spatial variation of the Stokes profiles along PMJ 1. The
profiles emerged from the locations marked with blue symbols
in Fig. 3, from point A (top) to point B (bottom). The solid pro-
files correspond to the maximum brightness stage and the dotted
profiles to the temporal averages over the complete time series
at the same locations.
the frame after the PMJ brightening vanishes as “after” (frame
in row 5 of Fig. 3).
The PMJ brightening is not visible in the continuum images.
The black elongated contours in the plots enclose the PMJ dur-
ing the maximum brightness stage. Three penumbral filaments
with dark lanes meet in such region. The PMJ brightening oc-
curs near the end (or tail) of the central filament, which protrudes
from the inner penumbral boundary into the umbra. In addition,
a bright penumbral grain (which could be either the head of a
fourth filament or a supersonic downflow at the end of one of the
filaments, see Esteban Pozuelo et al. 2016) is also visible in the
radial direction further away from the tail of the central filament.
The top panel of Figure 4 shows the temporal evolution of
the average blue-wing intensity (black) and the average line-core
intensity (gray) in the vicinity of the maximum brightness pixel
(MBP), i.e. averaged over its eight closest neighbors. These pix-
els display brightness fluctuations before and after the PMJ, with
amplitudes that are up to 4% of their mean intensity over the full
time sequence (horizontal dotted lines). Moreover, about 200 s
after the maximum brightness stage, these pixels present a gen-
erally enhanced brightness of around 8% compared with their
average over the full time sequence. However, the PMJ bright-
ening stands well above such enhanced intensity, the noise level
and other brightness fluctuations that might be caused by, for ex-
ample, Doppler shifts of the line, waves, bad seeing conditions,
etc. Also, the PMJ occurs abruptly while other brightness fluc-
Article number, page 5 of 18
A&A proofs: manuscript no. TEofPMJs
Before Maximum After
0.004
0.006
0.008
0.010
TL
P
0.015
0.030
0.045
0.060
TC
P
0.0050
0.0025
0.0000
0.0025
0.0050
NC
P
0.0000
0.0025
0.0050
0.0075
TL
P
0.00
0.01
0.02
0.03
0.04
TC
P
100 0 100
Time [s]
0.0000
0.0005
0.0010
0.0015
0.0020
NC
P
Before Maximum After
0.006
0.008
0.010
0.012
TL
P
0.015
0.030
0.045
0.060
TC
P
0.0050
0.0025
0.0000
0.0025
0.0050
NC
P
0.000
0.005
0.010
TL
P
0.00
0.01
0.02
0.03
0.04
TC
P
100 0 100
Time [s]
0.0000
0.0005
0.0010
0.0015
0.0020
NC
P
Before Maximum After
0.0015
0.0030
0.0045
0.0060
0.0075
TL
P
0.015
0.030
0.045
0.060
TC
P
0.0050
0.0025
0.0000
0.0025
0.0050
NC
P
0.000
0.002
0.004
0.006
0.008
TL
P
0.00
0.01
0.02
0.03
0.04
TC
P
100 0 100
Time [s]
0.000
0.001
0.002
0.003
0.004
NC
P
Fig. 6: Temporal evolution of three PMJs whose positions within the penumbra are indicated in Fig 1: PMJ 1 (top), PMJ 2 (middle),
and PMJ 3 (bottom). Right: for each case the panels show, from top to bottom, maps of total linear polarization (TLP), total circular
polarization (TCP), and net circular polarization (NCP). Contours enclose the PMJ area. Time runs from left to right with 17 s
cadence. Left: Evolution of the average TLP, TCP, and NCP in the microjet area. The vertical dotted lines correspond to the frames
‘before’, ‘maximum’, and ‘after’.
tuations vary more smoothly, which allows for a precise identifi-
cation of PMJs. Notably, the line-core intensity remains slightly
enhanced after the PMJ disappears in the blue wing wavelengths.
Figure 4 also shows the polarization signals of the Ca II 8542
Å line as observed in the MBP during the three stages of inter-
est (colored solid lines in the left panels) as well as the Stokes
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profiles at the MBP averaged over the complete time sequence
(black dotted lines). The Stokes profiles observed during the
stages ‘before’ (green) and ‘after’ (red) are remarkably similar
to the temporally averaged profiles, but display slightly narrower
intensity profiles as well as marginally brighter line cores.
At the maximum brightness stage (blue), all four Stokes pro-
files display enhanced signals. In particular, the intensity pro-
file shows an emission in the blue wing, which peaks near
∆λ = −0.3Å. The line core and red wing intensities are also
enhanced, but their increase is considerably smaller. The circu-
lar and linear polarization profiles display larger signals at the
maximum brightness stage, particularly in the blue wing. How-
ever, Stokes V decreases toward the outer wings. The wavelength
with maximum polarization signal in Stokes Q, U, and V oc-
curs around ∆λ = −0.15Å. Such enhanced polarization signals
produced by the PMJ are also clearly distinguishable from the
spectro-temporal plots (right panels). In particular, both Stokes I
and V stand well above the noise level, whilst enhanced Stokes
Q and U signals appear on a noisier background but with ampli-
tudes that are still above 3σ at the maximum brightness stage.
In Figure 5, we show the Stokes profiles emerging from se-
lected pixels along the PMJ, indicated by the blue symbols (from
point A to B) in Fig. 3. The first set of profiles, which emerged
from a pixel located outside the PMJ contour (point A), display
regular shapes and are very similar to their temporally averaged
profiles. The next set of profiles emerged from the PMJ region
and show enhanced intensity as well as larger polarization sig-
nals in the blue wing wavelengths. As we keep moving radi-
ally outwards, the blue-wing intensity enhancements gradually
decrease and those in the line core wavelengths become more
notorious, reaching a point where the profiles only show an en-
hancement in the core but not in the blue wing. The profiles show
more regular shapes outside the CC region (near point B).
The radial shift between the PMJ and CC regions is roughly
12 pixels or ∼ 500 km, since our pixel size corresponds to ∼ 41
km. It can be explained as the result of the three-dimensional
structure of the magnetic field. Due to the expansion with height
of the penumbral magnetic field, a given field line will be ob-
served slightly displaced radially outwards in the chromosphere
with respect to the photosphere, which is what we detect in
this case. The more inclined the field line, the larger the radial
displacement with height. This suggests that the brightness en-
hancements detected in the line wing and the line core corre-
spond to a perturbation or process that occurs on the same field
lines at different heights in the atmosphere. The dependence of
the intensity enhancements on wavelength and radial position
during the microjet might be the result of plasma heating occur-
ring along a penumbral structure, from the upper photosphere to
the low chromosphere.
We also inspected the total linear polarization TLP, total cir-
cular polarization TCP, and net circular polarization NCP in the
PMJ environment, defined as:
TLP =
∫ +0.6Å
−0.6Å
√
Q2(λ) + U2(λ)
I2QS
dλ, (1)
TCP =
∫ +0.6Å
−0.6Å
|V(λ)|
IQS
dλ, (2)
NCP =
∫ +0.6Å
−0.6Å
V(λ)
IQS
dλ, (3)
Figure 6 shows the temporal evolution of these quantities for
three PMJs. As in all 36 PMJs in our sample, the TLP maps
(transverse magnetograms) show enhanced signals inside the
PMJ area (yellow contours). These enhanced signals generally
reach a maximum at the maximum brightness stage. Moreover,
in many cases, such as in PMJ 2 (middle panels) and PMJ 3
(bottom panels), some patches of positive TLP signal can be de-
tected since the stage ‘before’ within the yellow contour lines.
Such preexisting features of enhanced linear polarization are ob-
served in more than 60% of the cases, mainly inside the PMJ
area but also in regions adjacent to it, which might indicate the
presence of an enhanced horizontal component of the magnetic
field in the pre-PMJ phase.
The TCP signals display different behaviors among the 36
PMJs. For PMJ 1, as in most of the cases (69% of the total
sample), the TCP undergoes a slight decrease at the maximum
brightness stage, despite the fact that the Stokes V profiles dis-
play enhanced signals in their inner wings. However, the outer
wings display a notable signal reduction at ‘maximum’ (see Fig.
4 for PMJ 1) which explains why the TCP decreases in these
cases. In contrast, the TCP in PMJ 2 displays no clear changes.
This is the behavior observed in 4 PMJs from our sample. Fi-
nally, as in PMJ 3, a total of 7 PMJs displayed an increase inside
the microjet region at ‘maximum’ with respect to the stage ‘be-
fore’. This indicates that there are different types of evolution in
the longitudinal component of the magnetic field for each case,
which will be further investigated in the following sections.
The NCP is a measure of how asymmetric the Stokes V pro-
files are. It can be used as a proxy for gradients along the LOS
of the magnetic field and of the LOS velocities. We found an in-
crease of the NCP inside the PMJ regions in all 36 cases. The
NCP values are generally positive inside the PMJs and reach a
maximum value at the maximum brightness stage, such as in
PMJ 2. However, there are also a few cases in which the maxi-
mum NCP occurs one frame before or after the maximum bright-
ness phase, such as in PMJs 1 and 3.
3.3. Magnetic field configuration
To investigate how the magnetic field configuration evolves
during PMJs, we consider the weak-field approximation (WFA).
The WFA can be applied when the thermal broadening ∆λD
of the line is much larger than the Zeeman splitting ∆λB (e. g.,
Landi Degl’innocenti & Landolfi 2004). Under the assumption
of a constant and sufficiently weak magnetic field in the region
of the solar atmosphere where the spectral line is formed, the
radiative transfer equation (RTE) can be solved analytically by
considering the magnetic field to be a perturbation of the zero-
field case. In such case, the analytical solution is the WFA and
the first order perturbation (in which Stokes Q and U are zero)
yields the following expression:
V = −∆λB f g cos(γ) ∂I
∂λ
= α f BLOS
∂I
∂λ
, (4)
where g is the effective Landé factor of the line, f is the fill-
ing factor which represents the fraction of the resolution ele-
ment covered by the magnetic field, and γ is the inclination of
the magnetic field vector with respect to the LOS.
Expression 4 implies that Stokes V is proportional to the par-
tial derivative of Stokes I with respect to wavelength, and that the
factor of proportionality depends on the longitudinal component
of the magnetic field, i. e., on BLOS = B cos(γ). Therefore, BLOS
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Fig. 7: From left to right: maps of the longitudinal component of the magnetic field BLOS , the field inclination γ with respect to
the LOS, the magnetic field strength B, and the merit function χ2 that result from the WFA applied to the line core wavelengths
(top panels) and to the line wing wavelengths (bottom panels) for the entire sunspot as recorded at 08:13:22 UT. Red patches on
the inclination maps are pixels where γ > 90◦. Smoothed gray contours delimit the inner (dashed) and outer (solid) penumbral
boundaries.
can be estimated by applying a linear least-squares fit to Eq. 4,
which yields:
BLOS =
∑
i
∂I(λi)
∂λi
V(λi)
α
∑
i(
∂I(λi)
∂λi
)2
, (5)
with α = −4.67 × 10−13gλ20 (e. g., Martínez González & Bellot
Rubio 2009). Note that in Eq. 5 we have set f = 1 since we are
in a sunspot.
Similarly, the expressions for the linear polarization (Stokes
Q and U) can be derived by perturbing the magnetic field to sec-
ond order in the RTE (e. g., Landi Degl’innocenti & Landolfi
2004). Such expressions involve the first and second derivatives
of the intensity profile with respect to wavelength. Their combi-
nation with Eq. 4, along with the application of a least-squares
minimization procedure, lead to the following relation for the
inclination angle γ:
tan2(γ) =
4
3
g2
G
∑
i |λi||Li||Vi|2| ∂I∂λ |i∑
i |Vi|4 , (6)
where Li =
√
(Q2i + U
2
i ) and G is the Landé factor for the trans-
verse magnetic field (see e. g., Hammar 2014). Eq. 6 gives only
the modulus of the inclination. The polarity of the field is deter-
mined by Eq. 5. Thus, the value of γ (in degrees) can be defined
as follows:
γ =
{|γ| if BLOS > 0
180◦ − |γ| if BLOS < 0 (7)
The validity of the WFA for Ca II 8542 Å (g ≈ 1.10 and
G ≈ 1.18) has been studied by, among others, Hammar (2014)
and Centeno (2018), who concluded that the WFA allows for an
efficient and rapid inference of the chromospheric magnetic field
vector from Ca II 8542 observations. The modest Landé factor
and broad shape of this line guarantee the validity of the WFA
even when the magnetic field is relatively strong.
Hammar (2014) and de la Cruz Rodríguez et al. (2013) esti-
mated that, for a chromospheric model in which the temperature
is 4500 K and the micro-turbulent velocity is 3 km s−1, the Ca II
8542 Å line is in the weak-field regime for chromospheric fields
weaker than 2500 G. However, the Doppler width and conse-
quently the upper limit of the magnetic field both increase at
higher temperatures. Therefore, the wings of the line can also
be treated under the WFA for the stronger magnetic fields of the
photosphere.
Specifically, Centeno (2018) modeled this line considering
scenarios in which the field strength decreased with height and
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Fig. 8: Comparison between the BLOS values obtained in the sunspot penumbra (same timestep as in Fig. 7) using the WFA and
DeSIRe inversions. The left column shows the results from the WFA applied to the line core (top) and to the wings (bottom). The
central column displays the inversion result at log(τ) = −4.9 (top) and log(τ) = −3.3 (bottom). The right column shows density
plots comparing the values from the two methods. We consider only penumbral pixels where χ2 < 3 is obtained with both methods.
White dashed lines are regression lines.
found that the WFA applied to the wings can be used to probe
magnetic fields around log(τ) = −1.4 with remarkable accuracy
for a range of field strengths of up to 4000 G. She also found
that when evaluated in the line core (λ0 ± 250 mÅ, probing an
average optical depth of log(τ) = −5.3) the WFA errors are only
about 10% of the real value for field strengths up to 1200 G.
In Figure 7, we display the result of the WFA applied
to the entire sunspot as observed at 08:13:22 UT. The figure
shows maps of the longitudinal component of the magnetic
field BLOS , the inclination angle γ, the magnetic field strength
B = BLOS / cos(γ), and the merit function χ2 which represents
the sum of the squared differences between the observed Stokes
V profiles and the values resulting from the WFA, normalized to
the noise level and number of wavelength points.
The WFA has been applied separately to the core of the line
using the wavelength interval between ±0.3 Å (upper panels in
Fig. 7) and to the wings using the wavelength points at ∆λ =
[−0.6,−0.45, 0.45, 0.6] Å (lower panels). In general, Eq. 4 can
reproduce the shape of the observed Stokes V profiles, with most
fits inside the spot having χ2 < 3 in both the wing and the line
core regimes. However, the WFA returns magnetic fields larger
than 2500 G in the umbral areas. These values are above the field
strength limit for the validity of the WFA in the chromosphere
inferred by Hammar (2014) and, therefore, are not reliable.
In the rest of the sunspot, the well-known penumbral fine
structure of the photospheric magnetic field is clearly discernible
in the bottom maps, whilst a more extended magnetic canopy can
be seen in the upper maps, as expected for the chromospheric
layers. The general appearance of the penumbra is reasonable,
with the magnetic field decreasing with height and the field incli-
nation becoming more vertical in the chromosphere at a fixed ra-
dial distance, as expected. The weakening of the field with height
is not dramatic since the compared layers are not so distant from
each other.
Also, we must bear in mind that the spectral line was ob-
served in a relatively small wavelength range in order to get a
sufficiently fast temporal cadence, which means that we have
sampled only a small part of the wings and therefore, the photo-
spheric information that can be retrieved from such a wavelength
range is essentially limited to the upper photosphere.
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3.4. Inversions
We compare the results obtained from the WFA in the
sunspot (same FOV as displayed in Fig. 7) with inversions of
the Stokes profiles carried out with the DeSIRe (Departure co-
efficient Stokes Inversion based on Response functions) code1.
DeSIRe allows for the inversion of spectral lines that form un-
der non-LTE conditions by combining the RH forward synthesis
code (Uitenbroek 2001) and the SIR inversion code (Ruiz Cobo
& del Toro Iniesta 1992).
We invert the four Stokes parameters of the Ca II 8542 Å
line to infer the atmospheric properties within the formation re-
gion of the line. The inversion setup considers a simple one-
component model atmosphere with typical values of the mag-
netic field strength B and inclination γ, the LOS velocity vLOS
and the temperature stratification between the photosphere and
upper chromosphere (FALF model, Fontela et al. 1993). We use
4 cycles with 5, 6, 7, and 9 equidistant nodes in temperature
for each cycle; 5 nodes in micro-turbulence and LOS velocity;
3 nodes in the magnetic field strength, inclination and azimuth
angles; and 1 node in macro-turbulent velocity.
Similarly to what Bellot Rubio et al. (2006) did for bisec-
tor velocities, we have determined the optical depth at which the
inversion results are best comparable with the results from the
WFA applied to the line core wavelengths, which have a maxi-
mum sensitivity in the range log(τ) = [−4.5,−5.5]. The wings of
the line are sensitive to a range of optical depths log(τ) = [0,−4]
(Quintero Noda et al. 2016). We restrict the comparison to those
pixels where the inversions perform relatively well (with χ2 < 3,
which represent almost 65% of the pixels in the penumbra). Fig-
ure 8 displays such a comparison. In the line core (upper pan-
els), the WFA has a maximum correlation with the inversions at
log(τ) = −4.9. In the wings (lower panels), the maximum corre-
lation is obtained at log(τ) = −3.3.
In spite of the considerably noisier maps obtained from the
inversions, the solutions are highly consistent with the WFA re-
sults in both layers. The general appearance of the penumbra and
most of the prominent penumbral structures can be reproduced
with both methods with a large correlation between them. This
is reflected in the density plots on the right column of the fig-
ure, which show a strong correlation between the WFA in the
line core and the inversion results at log(τ) = −4.9 (low chro-
mosphere), with a slope of 0.96 and a correlation coefficient of
0.95. Likewise, there is a good correlation between the WFA in
the wings and the inversion output at log(τ) = −3.3 (upper pho-
tosphere), with a correlation coefficient of 0.94.
Therefore, the inversions provide a solution that is consistent
with the WFA results. However, given that we have scanned the
line at only a few wavelength points across a small wavelength
range in order to maximize the temporal resolution of the data,
we consider that the spectral information is not sufficient to per-
form inversions reliably. The WFA is a more robust method in
this case, so from now on we use the WFA to investigate the
magnetic properties of our PMJs.
4. Results
In this section, we describe the temporal evolution of the
magnetic field inside and around PMJs, as inferred with the WFA
in the upper photosphere and low chromosphere. We first con-
centrate on three different cases, and afterwards we classify the
evolution of all 36 PMJs based on how the field behaves during
1 Code description by Orozco et al. in prep.
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Fig. 9: Observed Stokes I and V profiles (solid lines) and tempo-
rally averaged profiles (dotted lines) at the MBP in PMJ 1 during
three different temporal stages. The labels on each panel indicate
the BLOS , γ and B values inferred from Eqs. 5 and 6, evaluated in
the line wings (magenta) and the line core (green). The profiles
resulting from the WFA fits are shown with magenta and green
markers for the wings and the line core, respectively.
the maximum brightness stage with respect to its configuration
during the frame ‘before’. Some statistics are also discussed.
4.1. Case 1
Figure 9 shows the Stokes I and V profiles emerging from the
MBP of PMJ 1 at the times ‘before’, ‘maximum’, and ‘after’, as
well as the result of applying the WFA to the line wings (magenta
markers) and to the line core (green markers). The shapes of the
observed Stokes V profiles can be nicely reproduced under the
WFA, with χ2 < 2 in both wavelength ranges.
As indicated in the figure (magenta labels), there is a clear
response of the photospheric field to the PMJ: the longitudinal
field undergoes a reduction of nearly 150 G, which is accom-
panied by an increase of the inclination of around 10◦, and by
an increase of the total field strength of about 400 G during the
‘maximum’. The configuration of the photospheric field almost
recovers its initial state after the PMJ disappears.
The changes of the magnetic field in the lower chromosphere
are substantially weaker than in the photosphere for the MBP
(green labels), with BLOS , γ, and B displaying changes of 15
G, 1◦, and 50 G respectively, between the stages ‘before’ and
‘maximum’. The magnetic field configuration at the stage ‘after’
is remarkably similar to the stage ‘before’. The small magnetic
field variations inferred for the low chromosphere are compara-
ble to the uncertainties associated with the WFA, so they cannot
be unambiguously related to the PMJ. What is clear is that the
enhanced circular polarization signal observed at ∆λ = −0.15Å
is mainly a consequence of the emission peak in the blue wing
of the intensity profile, given that the shape of Stokes V follows
the shape of the derivative of Stokes I scaled to a BLOS of the
order of 1.5 kG in the line core wavelengths.
In Figure 10, we display maps of the magnetic field evolu-
tion in the upper photosphere (rows 1-3) and the low chromo-
sphere (rows 4-6) during PMJ 1. The entire PMJ region (de-
limited by elongated black contours) displays magnetic field
changes that are qualitatively similar to those observed at the
MBP during the three stages of interest, i. e., the photospheric
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Fig. 10: Maps of BLOS , γ, and B during the evolution of PMJ 1,
computed by applying the WFA to the wings (rows 1-3) and to
the line core (rows 4-6). The red patches in the inclination maps
show regions where γ > 90◦. The black contours enclose the
PMJ area. Dotted circles on the maps at ‘maximum’ define an
arbitrarily chosen surrounding of the PMJ, centered on the MBP
with a radius of 1.5′′. The columns show consecutive frames sep-
arated by 17 s. The white contours enclose the CC region. The
boxes cover a subfield of 5′′ × 5′′.
field becomes stronger and more inclined during the maximum
brightness stage, when it displays the largest changes. This can
be clearly observed in Figure 11, where the temporal evolution
of the average photospheric magnetic field inside the PMJ region
is shown with magenta solid lines.
With an average magnetic field inclination of ∼ 50◦ in the
photosphere and a height difference of ∼500 km between the
photosphere and the low chromosphere, the projection of the
CCs would be about 15 pixels, in agreement with the observed
shifts. The plots of Fig. 11 reveal that there are not clear changes
occurring in the chromospheric field either along the LOS or
along the magnetic field lines in this case. The field inside the
PMJ and the CC regions show a rather steady evolution (solid
and dashed green lines, respectively).
To investigate how the magnetic field behaves in the sur-
roundings during PMJ 1, we averaged the magnetic field param-
eters along the circles displayed in Fig. 10. The dotted lines in
Fig. 11 show the temporal evolution of the field which, as ex-
pected, does not undergo any evident change that can be clearly
related to the PMJ occurrence, neither in the photosphere nor in
the chromosphere. There are very small fluctuations during the
300 s temporal range of the plots, which might be due to seeing
or instrumental effects, and even minor changes occurring in the
penumbral field. In the photosphere, the fluctuations of the field
inside the PMJ region are slightly larger than those in the sur-
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Fig. 11: Temporal evolution of BLOS , γ, and B averaged within
PMJ 1 (solid lines), the CC region (dashed lines), and in the
surroundings along the dotted circles drawn in Fig. 10 (dotted
lines) in the lower chromosphere (green) and upper photosphere
(magenta). The vertical dashed lines mark the stages ‘before’,
‘maximum’, and ‘after’.
roundings. Nonetheless, the changes observed at ‘maximum’ in
the PMJ region clearly stand out, which means that such changes
are not systematic variations.
4.2. Case 2
Figures 12 and 13 show the temporal evolution of PMJ 2,
whose brightening is observed during three consecutive frames
in the limb-side penumbra (green marker in Fig. 1). It occurs
near the end of an inner penumbral filament. As shown in Fig.
12 for the MBP, the emergent Stokes I profiles are remarkably
similar during the stages ‘before’ and ‘after’. In contrast, the en-
tire profile displays an increase of the intensity during the ‘max-
imum’ stage, and such brightening is notably larger in the blue
wing wavelengths, similar to the MBP of PMJ 1.
The results of the WFA indicate that the photospheric lon-
gitudinal field decreases almost 100 G between the frames ‘be-
fore’ and ‘maximum’, whilst the field inclination increases by
nearly 10◦ and the total field strength increases more than 700 G
between the two stages. Afterwards, the photospheric magnetic
configuration in the stage ‘after’ returns to almost the same state
as in the stage ‘before’. Also, similarly to PMJ 1, there are not
substantial changes of the chromospheric field.
However, Figures 13 and 14 show that, unlike PMJ 1, the
average photospheric BLOS inside PMJ 2 does not display con-
siderable changes with time. In this case, there is only a clear
increase in the average field inclination and strength in the pho-
tosphere, while there are not clear signatures in the evolution of
the chromospheric field that can be associated with PMJ 2, either
along the LOS or along the same field lines.
Fig. 13 also shows a more inclined field inside the PMJ re-
gion than in the immediate surroundings in all the frames, a re-
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Fig. 12: Observed Stokes I and V profiles and results of the WFA
at the MBP in PMJ 2. Same format as Fig. 9.
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Fig. 13: Maps of BLOS , γ, and B during the different stages of
evolution of PMJ 2. Same format as Fig. 10.
sult that is consistent with the observation of an enhanced TLP
signal inside PMJ 2 since the stage ‘before’ (Fig. 6).
Despite the differences in BLOS , the evolution of the photo-
spheric field is similar for PMJs 1 and 2: there is a clear increase
of γ and B in both cases. Slight differences in the behavior of
the magnetic field are expected for PMJs that occur on differ-
ent penumbral structures, which is the case of PMJs 1 and 2 as
indicated by their different photospheric magnetic configuration.
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Fig. 14: Temporal evolution of BLOS , γ, and B inside and in the
surroundings of PMJ 2. Same format as Fig. 11.
4.3. Case 3
PMJ 3 was observed during four consecutive frames nearly
perpendicular to the symmetry line of the sunspot (cyan marker
in Fig 1), above the interface between spines and intra-spines.
Figures 15 and 16 show the evolution of the polarization signals
in the MBP, located in the central part of the brightening region,
and in a pixel located near the border of the PMJ, respectively.
The MBP shows intensity enhancements in the entire profile at
‘maximum’, with both wings displaying emission, but a larger
increase is observed in the blue wing. As a consequence of the
strong emissions in the wings, the Stokes V profile displays two
extra-lobes at ‘maximum’. At the stage ‘after’, the intensity pro-
file displays a more regular shape with no wing emission, similar
to the profile observed in the frame ‘before’. However, the line
core remains notably brighter than ‘before’.
For this pixel, the WFA infers an increase of the photospheric
magnetic field strength of nearly 300 G and a strong decrease of
the inclination of 18◦ that results in an enhancement of BLOS by
about 700 G between the stages ‘before’ and ‘maximum’.
The profiles at the edge of the PMJs (Fig. 16) also show in-
tensity enhancements in the entire wavelength range at ‘max-
imum’, but unlike the MBP, in this case the wings are not in
emission, i. e. there is not a change of sign in the derivative of
I. Nonetheless, the Stokes V profile displays reduced signals in
the wings with opposite signs to the profiles from the stages ‘be-
fore’ and ‘after’. This is interpreted as a change of polarity in
the photospheric magnetic field by the WFA, which also infers a
decrease of the magnetic field strength of more than 500 G and
an increase of the inclination in the photosphere.
The different behaviors observed in PMJ 3 at ‘maximum’ can
also be noticed in the maps of Fig. 17: in the upper photosphere,
the magnetic field becomes stronger and more vertical in the cen-
tral part of the PMJ region (similar to the MBP), while it turns
weaker and more inclined in the inner borders. Furthermore, the
photospheric field seems to change polarity in some pixels at the
edges of the PMJ region. It is difficult to judge if such polarity
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Fig. 15: Observed Stokes I and V profiles at the MBP in PMJ 3
and results of the WFA. Same format as Fig. 9.
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Fig. 16: Observed Stokes I and V profiles in a pixel near the
border of PMJ 3 and results of the WFA. Same format as Fig. 9.
changes are real given that the Stokes V wing signals are very
small in those pixels and even fall within the level of the noise,
similarly to the profiles in Fig. 16.
The magenta solid lines in Figure 18 show the temporal evo-
lution of the average photospheric BLOS , γ, and B in the central
part of the PMJ region, which contains the MBP. The evolution
of the average field in the borders of the PMJ region is shown
with dashed lines. The differences in the behavior of the photo-
spheric field become more evident in these plots. However, the
two regions do not display big differences before and after the
PMJ occurrence. In the low chromosphere (green), the whole
PMJ region displays an increase of BLOS and B (solid lines). A
similar response is observed in the CC region (dashed lines in
Fig. 18). Although these changes are still weaker than in the up-
per photosphere, they appear to be clearly associated with the
PMJ brightening.
As in PMJs 1 and 2, the surroundings of PMJ 3 do not display
changes of magnetic configuration during the PMJ occurrence
(see the dotted lines in Fig. 18).
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Fig. 17: Maps of BLOS , γ, and B during the different stages of the
evolution of PMJ 3. Same format as Fig. 10.
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Fig. 18: Temporal evolution of BLOS , γ, and B in different regions
during PMJ 3: for the photosphere (magenta lines), in the central
part of the PMJ (solid), edges of the PMJ region (dashed), and
surroundings (dotted); for the chromosphere (green), in the PMJ
(solid), the CC region (dashed), and the surroundings (dotted).
4.4. Magnetic field evolution in the photosphere
All 36 PMJs displayed considerable changes of the photo-
spheric magnetic field configuration. Taking into account the
evolution of the average γ and B inside the brightening regions,
we identify three types of PMJs as shown in Figure 19.
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Fig. 19: Three different types of temporal evolution of γ (green)
and B (magenta) observed among the 36 PMJs in the upper pho-
tosphere. Values are averaged inside the PMJ area for the cases
shown in (a) and (b), but the averaging is done separately in the
central region (solid lines) and in the borders of the brighten-
ing region (dotted lines) for case (c). Blue shades show the light
curves in the PMJ calculated by averaging the intensity in the
blue wing of the line. The vertical dashed lines in each panel in-
dicate the three stages of interest, with the maximum brightness
stage placed at the origin.
Most of the PMJs (25 out of 36 PMJs, or 69%) show a mag-
netic field evolution of type (a) similar to those of PMJs 1 and 2,
i.e., they undergo a transient increase of the field inclination and
the field strength during the maximum brightness phase. PMJs
of type (a) are indicated with red markers in Fig. 2. These PMJs
tend to appear slightly clustered in the limb-side penumbra, but
they can be seen all over the penumbra and in two cases even
right at the outer penumbral boundary.
Small differences are detected among the PMJs of type (a),
mainly due to the behavior of BLOS . Specifically, in 16 of them
the longitudinal field decreases as a consequence of the increase
of the inclination, similar to PMJ 1. In 4 cases, BLOS does not dis-
play clear changes in spite of the increase of γ and B, as happens
in PMJ 2. In 5 PMJs of type (a), observed near the outer limb-
side penumbral boundary where the magnetic field is weak and
largely horizontal, the WFA infers a change of polarity during
the maximum brightness stage. However, in all cases the Stokes
V profiles show reduced signals in the wings, down to the noise
level, which makes these polarity changes uncertain.
Another type of evolution is shown in Fig. 19b and was ob-
served in 9 PMJs (25% of the cases; blue markers in Fig. 2).
In this type of evolution, the photospheric magnetic field vec-
tor also becomes more inclined, but the field strength shows an
overall decrease during the brightening phase.
Finally, there are two PMJs whose brigtening regions show
mixed types of magnetic field evolution (5% of the sample; green
markers in Fig. 2). One of them is PMJ 3. In these cases, the
photospheric field becomes stronger and slightly more vertical
in the central part of the brightening, but weaker and more in-
clined near the borders, as shown in Figure 19c. Interestingly,
the WFA infers changes of magnetic polarity in some pixels near
the border of the brightening region in both PMJs, but again this
result requires further confirmation due to the very small Stokes
V signals observed in the line wings.
The left panels of Figure 20 show distributions of the av-
erage photospheric magnetic field in 34 PMJs (we exclude the
two PMJs of type (c) to avoid mixing different magnetic con-
figurations) during three stages of interest: the pre-PMJ phase,
the maximum brightness, and the post-PMJ phase. The pre- and
post-PMJ phases correspond to the average magnetic field over
nearly 2 minutes (7 consecutive frames) before the start and after
the end of the PMJs, respectively. The two-minute averaging is
made to smear out the largest fluctuations.
In all three phases, the distributions cover a wide range of
values of γ and B, due to the fact that the PMJs occur at different
radial distances within the penumbra. However, the distributions
for the maximum brightness stage (blue) stand out clearly from
the pre- and post-PMJ distributions (green and red, respectively),
since they contain more inclined and stronger fields. Specifically,
the mean values of γ and B at the time of maximum bright-
ness are larger that those observed during the pre- and post-PMJ
phases by ∼ 10◦ and ∼100 G, respectively.
In contrast, the distributions for the pre- and post-PMJ phases
are quite alike and have very similar mean values, which means
that no strong permanent changes in the local photospheric field
were produced by the occurrence of the PMJs.
The right panels of Fig. 20 show distributions of the photo-
spheric magnetic field changes occurring in the surroundings of
the PMJs (magenta dotted lines), defined by those pixels that lie
along circumferences of 1.5′′ radius centered at the MBPs. The
changes in the surroundings are always much smaller than the
ones observed in the PMJ regions, by a factor of at least 10. This
shows that PMJs are highly localized events that do not leave
imprints on the adjacent medium.
4.5. Magnetic field evolution in the chromosphere
The magnetic properties of the short-lived PMJs exhibit
weaker changes in the chromosphere than in the photosphere
(see green solid distributions in the right panels of Fig. 20). In
most of the cases, it is difficult to judge if those changes are
caused by the PMJs because either they are of the same order of
magnitude as the errors associated with the WFA or they cannot
be distinguished from other small-scale fluctuations that might
be intrinsic of the penumbral field.
However, Figure 21 shows four PMJs (crossed symbols in
Fig. 2) displaying some degree of chromospheric response to the
observed brightenings inside both the PMJ (solid lines) and the
CC regions (dashed lined). These PMJs occur with a slight but
clean increase of the total field strength in the chromosphere at
‘maximum’, while there is not a clear trend in the evolution of
the magnetic field inclination. The observed changes have simi-
lar amplitudes inside the PMJ and within the CC regions, except
in the PMJ of Fig. 21b, where the increase of the magnetic field
strength is about twice as larger inside the CC region as that in-
side the PMJ.
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Fig. 20: Magnetic field configuration of 34 PMJs in the upper photosphere (left) and low chromosphere (center). The histograms
show the average values of γ (top), and B (bottom) inside the PMJ regions during three different stages: the pre-PMJ phase (green),
which corresponds to the average field during 2 min before the PMJ, the maximum brightness (blue), and the post- PMJ phase
(red), which is the average field during 2 min after the PMJ. The legends give the mean values of each distribution. Right: Dis-
tribution of magnetic field changes between the pre-PMJ phase and the maximum brightness in the photosphere (magenta) and in
the chromosphere (green) inside the PMJ regions (solid) and in the surroundings (dotted). The green dashed distributions show the
chromospheric field changes occurring inside the CC regions for the 19 PMJs marked with circles in Fig. 2. The legends give the
mean m and the standard deviation std of each distribution.
The central panels of Fig. 20 show that the distributions of
the average γ and B in the chromosphere inside the PMJ re-
gions are remarkably similar during the pre-PMJ, ‘maximum’,
and post-PMJ phases. They have mean values of ∼ 50◦ and
∼ 1600 G respectively. However, the average value of B for the
distributions at ‘maximum’ is slightly larger than for the pre- and
post-PMJ phases by about 50 G.
The right panels of Fig. 20 show distributions of the chromo-
spheric magnetic field changes occurring inside the PMJ regions
(solid green lines). There is about the same number of PMJs be-
coming slightly more vertical and more inclined than the pre-
PMJ phase, with a mean ∆γ ∼ 1◦. This value is well below the
mean ∆γ of the photospheric field (magenta solid distribution).
In contrast, the chromospheric field tends to be stronger during
the maximum brightness stage in most PMJ regions. The distri-
bution has a mean ∆B and a standard deviation of 55 and 81 G,
respectively. However, these values are about two and five times
smaller than those in the upper photosphere.
Unlike the four PMJs of Fig. 21, the majority of the identified
CC regions did not show clear changes of the chromospheric
field configuration, similar to the PMJ regions. The distribution
of their changes are shown with green dashed lines in the right
panels of Fig. 20 and display remarkably similar trends and mean
values as those of the green solid distributions.
The chromospheric field changes occurring in the surround-
ings of the PMJs (dotted green distributions) are yet smaller than
the chromospheric changes inside the PMJ and CC regions. This
means that even if very small, the changes of the chromospheric
field observed during the PMJs along the LOS and along the field
lines are likely not a result of systematic errors.
5. Summary
We have presented a detailed analysis of the magnetic field
evolution during the lifetime of 36 short-lived PMJs. Our inves-
tigation focused on the configuration of the magnetic field in the
upper photosphere and low chromosphere based on the WFA ap-
plied separately to the wings and core of the Ca II 8542 Å line.
The main results of this analysis can be summarized as follows:
1. The PMJs showed brightness enhancements in at least one
of the wings and frequently also in the line core, but the en-
hancement was always larger in the blue wing than in the red
wing (above 10% and up to 63% of the temporally averaged
intensity over the full time series).
2. 19 PMJs displayed line-core intensity enhancements exceed-
ing 10% of their temporally averaged values in regions that
are shifted outward by 10 − 25 pixels in the radial direc-
tion from the PMJ regions, which correspond to distances
of ∼ 400 − 1000 km. They roughly match the expected pro-
jections on the POS of the CCs of field lines with inclinations
of 40 − 65◦ in the upper photosphere. In many other cases,
the line core remained practically unchanged in the PMJ re-
gion and surroundings so that we could not detect the CCs.
It could be that the field lines are largely horizontal and do
not reach the chromosphere within our FOV.
3. In the CC regions, the intensity profiles commonly showed
slightly brighter cores even after the PMJ disappeared, last-
ing at least 85 s longer (5 frames).
4. All 36 PMJs displayed enhanced polarization signals in
Stokes Q, U, and V at ‘maximum’. In particular, the Stokes
V profiles presented enhanced signals within the line core re-
gion (|∆λ| ≤ 0.30Å), but in most cases the Stokes V signals in
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Fig. 21: Temporal evolution of γ (green) and B (magenta) in the
chromosphere as inferred from the WFA for the individual PMJs
marked with crossed symbols in Fig. 2. The solid lines show the
average values inside the PMJ regions and the dashed lines show
averages inside the CC regions. Same format as Fig. 19.
the wings (0.45Å ≤ |∆λ| ≤ 0.60Å) became weaker at ‘max-
imum’. In some cases, the PMJs display extra lobes in the
wings due to emission or possible changes of polarity of the
photospheric field. This resulted in different types of changes
of the TCP during the ‘maximum’ stage, with most of the
PMJ regions showing a slight decrease or no clear changes
in TCP and others displaying an enhanced TCP with respect
to the stages ‘before’ and ‘after’. In contrast, all PMJs exhib-
ited enhanced TLP at ‘maximum’.
5. Positive NCP values were commonly observed inside the
PMJs. They can be understood as a result of the asymmetries
of the intensity profiles, which display larger emission peaks
in the blue wing than in the red wing. Such asymmetries af-
fect the shapes of the Stokes V profiles because they follow
the shapes of the partial derivatives of Stokes I with wave-
length. Hence, since the sunspot has positive polarity and the
positive blue lobe amplitudes and areas were predominantly
larger than those of the negative red lobes, the NCP values
turned out to be positive during the PMJs. They could also
be partly the result of B and vLOS gradients, as it is the case
of photospheric lines. Inversions are needed to confirm or
disprove this mechanism.
6. The WFA applied to the wing wavelengths reveals clear
changes of the photospheric magnetic field configuration
inside the PMJ regions. These changes were generally
strongest at the maximum brightness stage.
7. We identified 3 different types of evolution of the photo-
spheric magnetic field, but in most cases the field inclination
and the field strength increase at ‘maximum’.
8. The WFA applied to the line core wavelengths suggests very
small changes of the chromospheric field. However, there is a
trend of having slightly stronger chromospheric fields inside
the PMJ and CC regions at ‘maximum’ compared to their
pre- and post-PMJ phases. Therefore, one could say that the
enhanced polarization signals of the line core wavelengths
are mostly induced by the observed intensity enhancements
rather than by strong changes in the chromospheric magnetic
field.
9. The chromospheric magnetic field changes are remarkably
similar when we look along the LOS or along the same field
lines. This is because the projection effects were relatively
small in most of the identified CC regions.
10. Only 4 PMJs displayed clear changes of the chromospheric
field, which had a neat correlation with the brightness en-
hancement of the PMJs. In these cases, the field strength ex-
perienced an increase at ‘maximum’. However, such changes
were much weaker than in the photosphere.
11. The changes of the photospheric and chromospheric mag-
netic field in the surroundings of the PMJs were negligible
compared to the changes inside the PMJ regions, which rules
out the possibility that the latter are caused by noise or intrin-
sic fluctuations in the penumbra.
These results show that the PMJ brightenings are indeed ac-
companied by a perturbation in the magnetic field. Such pertur-
bation must originate closer to the height where the wings of the
Ca II 8542 Å line are formed, i. e. the upper photosphere. These
magnetic perturbations likely propagate but rapidly decrease to-
ward the immediate surroundings of the PMJs, which show neg-
ligible changes beyond the brightening region. They likely also
propagate upwards to chromospheric heights where they leave
weaker imprints. However, since the only chromospheric change
detected seems to be an increase of the magnetic field strength,
it is possible that only the compressive phase of the perturbation
reaches the chromosphere.
6. Discussion and Conclusions
This work provides the first analysis of the temporal evolu-
tion of the magnetic field vector in short-lived PMJs using spec-
tropolarimetric observations with very high temporal resolution.
In this section, we discuss our results and revisit some important
aspects of PMJs reported in previous works.
6.1. Location
Most of the false detections in our dataset were caused
mainly by distorted profiles due to the strong inverse Evershed
flow or strongly red-shifted profiles repeatedly observed along
superpenumbral filaments and appearing as elongated bright
structures on the blue-wing image sequences as well as on the
running difference images. Therefore, after a careful examina-
tion of nearly two hundred pre-selected events, we finally iden-
tified only 36 events as short-lived PMJs.
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Similar to the findings of Esteban Pozuelo et al. (2019) for
PMJs of longer duration, our short-lived PMJs occurred above
regions that are expected to harbor strong horizontal gradients
of the magnetic field inclination in the photosphere. This sup-
ports the scenario of magnetic reconnection taking place in the
lower photosphere as a possible driver of PMJs (e. g., Tiwari
et al. 2016).
6.2. Lifetimes
Reardon et al. (2013) found the presence of a ‘precursor’
phase observed up to 1 minute before the rapid impulsive bright-
ening of some PMJs. This could be an indicator of disturbances
in density or temperature occurring prior to a reconnection event,
such as those due to bow-shocks. In our data, we have also ob-
served a large fraction of PMJs displaying a discernible ‘precur-
sor’ phase. However, we have discarded such events given that
their lifetimes were longer than the upper limit of two minutes
chosen for this study.
The lifetime distribution of the 36 PMJs peaks at 68 s and has
a mean value of 71 s, which is lower than the 90 s mean lifetime
found by Drews & Rouppe van der Voort (2017). However, the
number of events in our sample and the upper cutoff limit of 2
minutes for the durations are both much smaller than those con-
sidered by those authors. Hence, our samples are not comparable
and differences in the lifetime distributions can be expected.
6.3. Magnetic field evolution
The shortest-lived PMJs show enhanced polarization signals
in the Ca II 8542 Å profiles with respect to their surroundings
like long duration PMJs (Esteban Pozuelo et al. 2019). How-
ever, we found that the polarization signals do change with time
inside the PMJ regions, displaying the largest amplitudes dur-
ing the maximum brightness stage. According to the WFA, the
short-lived PMJs produce different types of changes in the photo-
spheric magnetic field, which are generally strongest at the maxi-
mum brightness stage. The different types of evolution displayed
by the photospheric magnetic field do not seem to be related to
the position of the PMJs within the penumbra. Thus, it is possible
that not all the short-lived PMJs have the same nature. However,
due to our temporal resolution of 17 s, we may have captured
different phases of the same type of perturbation, which we mis-
interpreted as different types of evolution of the magnetic field.
The changes identified in the chromospheric magnetic field,
of the order of 100 G, are in agreement with the findings of
Buehler et al. (2019), who observed an increase of nearly 100
G in the LOS magnetic field associated with two PMJs when
compared to the average field during the stages ‘before’ and ‘af-
ter’. These authors also applied the WFA to Ca II 8542 Å, but us-
ing a wider spectral range (±765 mÅ). They also noticed that the
magnetic perturbation seemed to propagate on the POS with sim-
ilar projected velocities as the PMJ brightenings move on such a
plane.
6.4. Origin
According to our results, it is possible that the observed
changes of the magnetic field are caused by perturbation fronts
that have a photospheric origin. This is supported by the fact
that they are larger in the upper photosphere than in the chromo-
sphere. Furthermore, the changes of the orientation and strength
of the field suggest that the perturbations have a compressive
nature, and therefore they likely propagate at oblique directions
with respect to the magnetic field. Such upwardly propagating
fronts would likely involve a compressive leading phase fol-
lowed by a rarefaction phase which spreads out with time, sim-
ilarly to a shock wave. Since we only observed a strengthening
of the magnetic field in the chromosphere, it is possible that the
rarefaction phase fades out as the front propagates upwards in
the atmosphere.
The magnetic field changes we have detected in PMJs can-
not be caused by transverse waves propagating along the mag-
netic field since in that case we would observe only a change
of orientation but not of the strength of the field. Therefore, we
interpret the observed magnetic field variations as due to pertur-
bations propagating across or obliquely to the field, such as com-
pressional Alfvén waves or MHD fast-mode wavefronts, which
likely steepen quickly as they travel upwards in the photosphere,
thus leading to the formation of a shock front similar to what
occurs during umbral flashes (Grant et al. 2018). Buehler et al.
(2019) also suggested that the magnetic perturbations observed
in the chromosphere are likely produced by Alfvén waves.
6.5. Temperature
A temperature increase along the magnetic field lines that
connect the upper photosphere with the low chromosphere
would explain the intensity changes observed in different wave-
lengths and in different positions on the POS, and this is in agree-
ment with the magnetic reconnection scenario. In particular, it
is well known that the Ca II 8542 Å line core can be a reason-
able proxy for the temperature in the chromosphere (Cauzzi et al.
2009). Therefore, the slightly brighter line cores observed dur-
ing the post-PMJ phases may indicate that the chromospheric
plasma is generally hotter than during the pre-PMJ stages. This
is surprising because, due to the large chromospheric radiative
losses, the dissipation timescales are expected to be consider-
ably shorter than in the photosphere unless there is a continuous
energy input. This aspect of PMJs should be investigated more
thoroughly in the future.
Based on inversion results, previous works have reported an
increase in the temperature associated with the PMJ brightening.
Esteban Pozuelo et al. (2019) found that the PMJ region had a
temperature 200−500 K larger than the surrounding environment
above log(τ) = −2. This could be also true for the short-lived
PMJs which at some places displayed intensity enhancements in
the entire analyzed wavelength range. However, one would have
to confirm that by performing non-LTE inversions of the Ca II
8542 Å line.
Inversions are necessary to understand how the temperature,
velocity, and magnetic field stratifications in the atmosphere
evolve with time during the PMJs, but they require full Stokes
observations in multiple lines while keeping a high temporal ca-
dence. This is a particularly suitable task to be approached by
the new generation of 4-m telescopes such as DKIST (Rimmele
2019) and EST (Collados et al. 2013), which are expected to pro-
vide unprecedented spectropolarimetric capabilities to overcome
many of the current observational limitations.
Acknowledgements. We thank the referee for useful suggestions that greatly im-
proved the paper. We also thank Sara Esteban Pozuelo for discussions and valu-
able comments. This work has been funded by the Spanish Ministry of Science
and Innovation through project RTI2018-096886-B-C51, including a percentage
from FEDER funds, and through the Centro de Excelencia Severo Ochoa grant
SEV-2017-0709 awarded to the Instituto de Astrofísica de Andalucía-CSIC in
the period 2018-2022. The Swedish 1-m Solar Telescope is operated on the is-
land of La Palma by the Institute for Solar Physics of Stockholm University in the
Article number, page 17 of 18
A&A proofs: manuscript no. TEofPMJs
Spanish Observatory del Roque de los Muchachos of the Instituto de Astrofísica
de Canarias.
References
Bellot Rubio, L. R., Schlichenmaier, R., & Tritschler, A. 2006, A&A, 453, 1117
Borrero, J. M. & Ichimoto, K. 2011, Living Rev. Solar Phys., 8, 98
Buehler, D., Esteban Pozuelo, S., de la Cruz rodríguez, J., & Scharmer, G. B.
2019, ApJ, 876, 47
Cauzzi, G., Reardon, K., Rutten, R. J., Tritschler, A., & Uitenbroek, H. 2009,
A&A, 503, 577
Cauzzi, G., Reardon, K. P., Uitenbroek, H., et al. 2008, A&A, 480, 515
Centeno, R. 2018, ApJ, 866, 89
Collados, M., Bettonvil, F., Cavaller, L., & EST Team. 2013, in Highlights of
Spanish Astrophysics VII, Proceedings of the X Scientific Meeting of the
Spanish Astronomical Society (SEA), held in Valencia, July 9 - 13, 2012, ed.
J. Guirado, L. Lara, V. Quilis, & J. Gorgas, 808–819
de la Cruz Rodríguez, J., Löfdahl, M. G., Sütterlin, P., Hillberg, T., & Rouppe
van der Voort, L. 2015, A&A, 573, A40
de la Cruz Rodríguez, J., Rouppe van der Voort, L., Socas-Navarro, H., & van
Noort, M. 2013, A&A, 556, 1
Drews, A. & Rouppe van der Voort, L. 2017, A&A, 602, A80
Esteban Pozuelo, S., Bellot Rubio, L. R., & de la Cruz Rodríguez, J. 2016, ApJ,
832, 170
Esteban Pozuelo, S., de la Cruz Rodríguez, J., Drews, A., et al. 2019, ApJ, 870,
88
Fontela, J. M., Avrett, E. H., & Loeser, R. 1993, ApJ, 406, 319
Grant, S. D. T., Jess, D. B., Zaqarashvili, T. V., et al. 2018, Nature Physics, 14,
480
Hammar, J. 2014, PhD thesis, Uppsala Universitet, Sweden
Juˇrcák, J. & Katsukawa, Y. 2008, A&A, 488, L33
Juˇrcák, J. & Katsukawa, Y. 2010, A&A, 524, A21
Katsukawa, Y., Berger, T. E., Ichimoto, K., et al. 2007, Science, 318, 1594
Katsukawa, Y. & Jurcaˇk, J. 2010, A&A, 524, A20
Kosugi, T., Matsuzaki, K., Sakao, T., et al. 2007, Sol. Phys., 243, 3
Landi Degl’innocenti, E. & Landolfi, M. 2004, Polarization in spectral lines
(United States of America: Kluwer Academic Publishers)
Löfdahl, M. G. & Sharmer, G. B. 1994, A&AS, 107, 243
Magara, T. 2010, ApJL, 715, L40
Martínez González, M. J. & Bellot Rubio, L. R. 2009, ApJ, 700, 1391
Quintero Noda, C., Shimizu, T., de la Cruz Rodríguez, J., et al. 2016, MNRAS,
459, 3363
Reardon, K., Tritschler, A., & Katsukawa, Y. 2013, ApJ, 779, 143
Rempel, M. & Schlichenmaier, R. 2011, Living Rev. Solar Phys., 8, 3
Rimmele, T. 2019, BAAS, 51
Ruiz Cobo, B. & del Toro Iniesta, J. C. 1992, ApJ, 398, 375
Ryutova, M., Berger, T., Frank, Z., & Title, A. 2008, ApJ, 686, 1404
Samanta, T., Tian, H., Banerjee, D., & Schanche, N. 2017, ApJL, 835, L19
Scharmer, G. B., Bjelksjo, K., Korhonen, T. K., Lindberg, B., & Petterson, B.
2003, SPIE Proceedings, 4853, 341
Scharmer, G. B., Narayan, G., Hillberg, T., et al. 2008, ApJL, 689, L69
Tiwari, S. K., Moore, R. L., De Pontieu, B., et al. 2018, ApJ, 869, 147
Tiwari, S. K., Moore, R. L., Winebarger, A. R., & Alpert, S. E. 2016, ApJ, 816,
92
Tsuneta, S., Suematsu, Y., Ichimoto, K., et al. 2008, Sol. Phys., 249, 167
Uitenbroek, H. 2001, ApJ, 557, 389
van Noort, M., Rouppe van der Voort, L., & Löfdahl, M. G. 2005, Sol Phys., 228,
191
Vissers, G. J. M., Rouppe van der Voort, L. H. M., & Carlsson, M. 2015, ApJL,
811, L33
Vissers, G. J. M., Rouppe van der Voort, L. H. M., & Rutten, R. J. 2013, ApJ,
774, 32
Article number, page 18 of 18
